In response to DNA damage, the p53 tumor suppressor can elicit either apoptosis or cell-cycle arrest and repair, but how this critical decision is made in specific cell types remains largely undefined. We investigated the mechanism by which the transcriptional repressor Slug specifically rescues hematopoietic progenitor cells from lethal doses of ␥ radiation. We show that Slug is transcriptionally induced by p53 upon irradiation and then protects the damaged cell from apoptosis by directly repressing p53-mediated transcription of puma, a key BH3-only antagonist of the antiapoptotic Bcl-2 proteins. We established the physiologic significance of Slug-mediated repression of puma by demonstrating that mice deficient in both genes survive doses of total-body irradiation that lethally deplete hematopoietic progenitor populations in mice lacking only slug. Thus, Slug functions downstream of p53 in developing blood cells as a critical switch that prevents their apoptosis by antagonizing the trans-activation of puma by p53.
Introduction
Slug belongs to the highly conserved Slug/Snail family of transcription factors found in diverse species from C. elegans to humans. Proteins of this family, which in mammals include Snail1, Slug/Snail2, Snail3/Smuc, and Scratch, share a highly conserved carboxy-terminal region containing from four to six C 2 H 2 -type zinc fingers that bind to a subset of E box (CAGGTG) sites (Inukai et al., 1999) . Mammalian Slug/Snail family members also share an extreme N-terminal SNAG domain, which is essential for their nuclear localization and for Gfi1-mediated transcriptional repression (Grimes et al., 1996) . Slug/Snail proteins have multiple functions at different stages of development in diverse species. In Drosophila, Snail plays an essential role in mesoderm formation, We have shown that slug is a target gene of the E2A-HLF oncoprotein in human pro-B leukemia (Inukai et al., 1999 ) and functions as a survival factor in the hematopoietic system to protect normal progenitor cells from DNA damage (Inoue et al., 2002 ). An antiapoptotic role for Slug was first suggested by studies in C. elegans, where its ortholog, CES-1, was found to control the apoptotic death of NSM sister neurons by acting as a transcriptional repressor of EGL-1, a BH3-only proapoptotic antagonist of CED-9, the worm ortholog of Bcl-2 (Metzstein and Horvitz, 1999; Thellmann et al., 2003) . In contrast to its aberrant expression in E2A-HLFinduced pro-B leukemia, endogenous Slug is normally expressed in both long-and short-term repopulating hematopoietic stem cells (HSCs) and in committed progenitors of the myeloid lineage but not in differentiated myeloid cells or pro-B or pro-T cells (Inoue et al., 2002) . Hence, its principal function may reside in regulating the survival of myeloid cells. Indeed, homozygous slug −/− mice proved much more radiosensitive than heterozygous slug +/− or wild-type mice following γ irradiation, and a higher proportion of their hematopoietic progenitor cells underwent apoptosis (Inoue et al., 2002) .
A critical unresolved issue about the DNA-damage response is how the resulting upregulation of the p53 tumor suppressor can lead either to cell-cycle arrest and DNA repair, which is the fate of many hematopoietic progenitor cells, or to apoptosis, the typical outcome for mature hematopoietic cells. The discovery that Slug protects hematopoietic progenitors from genotoxic stress prompted us to explore whether it governs this pivotal control point. Here we show that Slug protects mice from γ-radiation-induced death in a cellautonomous manner by inhibiting the mitochondriadependent apoptotic pathway in myeloid progenitor cells. Significantly, we find that Slug itself is upregulated by p53 and acts as a transcriptional repressor, directly antagonizing p53-mediated upregulation of the BH3-only gene puma, which encodes a critical mediator of p53-induced apoptosis (Han et Figure S1A in the Supplemental Data available with this article online). Thus, the slug −/− HSCs could still contribute to hematopoiesis. Furthermore, flow cytometric analysis revealed that cells from the slug −/− recipients had contributed comparably to the T-and B-lymphoid and myeloid compartments (Figures S1B-S1D). These findings indicate that, although some slug −/− HSCs survived irradiation and eventually repopulated the bone marrow, the irradiated slug −/− mice presumably retained insufficient numbers of committed myeloid progenitors to stave off death (Na Nakorn et al., 2002).
Radioprotective Function of Slug Is Intrinsic to the Transplanted Bone-Marrow Cells
To test directly whether wild-type bone-marrow cells can radioprotect Slug-deficient mice in a cell-autonomous manner, we generated three different groups of mice with reconstituted bone marrow ( Figure 1B) . All of the recipients showed almost complete engraftment at 5 weeks postirradiation as determined by genotyping PCR with slug allele-specific primers ( Figure S2 ). Following a second course of 7.0 Gy TBI, all of the mice were monitored for survival. Interestingly, the majority of slug −/− mice (w85%) reconstituted with wild-type BM lived more than 30 days after the second dose of γ radiation, indicating that they had become radioresistant ( Figure 1B) . By contrast, all slug +/− mice reconstituted with slug −/− BM died within 20 days at a rate similar to slug −/− recipients reconstituted with slug −/− BM cells ( Figure 1B) .
To test whether Slug-deficient bone-marrow cells could radioprotect mice within a wild-type microenvironment, we reconstituted lethally irradiated wild-type mice with slug −/− or slug +/+ bone marrow cells ( Figure S3 and Table S1). Importantly, despite the same slug +/+ BM microenvironment, only the chimeric mice reconstituted with slug −/− BM cells became radiosensitive ( Figure  1C ). These data demonstrate that Slug protects mice from γ-radiation-induced death in a hematopoietic cellautonomous manner. Figure 2B ). By day 12, the femurs of slug −/− mice showed a further striking decrease in the proportion and number of CD11b + Gr-1 + myeloid cells (Figures 2A and 2B) . Indeed, the Slugdeficient marrow now had less than 10% of the myeloid cells in the slug +/− marrow ( Figure 2B ). Furthermore, almost no hematopoietic cell clusters were detectable in the BM vascular zone ( Figure 2C ). By contrast, in slug +/− mice at day 12 postirradiation, the CD11b + Gr-1 + myeloid cells had already begun to recover by both of these measures (Figures 2A-2C Figure 3A) . Importantly, the slug −/− Bcl-2 tg mice were radioresistant and survived for more than 30 days.
To confirm that Bcl-2 conferred radioprotection directly in myeloid progenitor cells, we transplanted BM cells from each subgroup of these mice into wild-type recipients, generating four groups with a wild-type microenvironment but genetically distinct hematopoietic compartments. After 6 weeks, PCR genotyping confirmed efficient engraftment ( Figure S6A ). After 7.0 Gy TBI, all of the mice reconstituted with slug −/− BM cells died within 20 days, whereas those reconstituted with slug −/− Bcl-2 tg BM cells were radioresistant and survived beyond 30 days, as did most of those reconstituted with wild-type cells ( Figure S6B ). Thus, overexpression of Bcl-2 exclusively in hematopoietic cells (Ogilvy et al., 1999) can rescue slug deficiency in a cell-autonomous manner and render Slug-deficient mice radioresistant. Hence, Slug confers radioprotection by interfering with a mitochondria-dependent apoptotic pathway activated by γ radiation in myeloid progenitors.
Slug Antagonizes the p53-Mediated Apoptotic Pathway Activated by ␥ Radiation
The p53 tumor suppressor is a critical mediator of apoptosis in hematopoietic progenitors exposed to genotoxic damage, and p53-deficient mice can survive an otherwise lethal radiation dose due to their refractory BM-derived hematopoietic progenitors (Lotem and Sachs, 1993) . To investigate the potential genetic interaction of Slug with the p53-mediated apoptotic pathway, we generated lines of mice lacking either or both proteins and subjected sex-matched littermates lates puma gene expression at the transcriptional level, we irradiated myeloid progenitors (5 Gy) from slug +/+ Bcl-2 tg and slug −/− Bcl-2 tg mice and extracted RNA either immediately or 3 hr later. Real-time RT-PCR analysis indicated that baseline puma levels were approximately 2-fold higher in unirradiated slug −/− than in slug +/+ myeloid progenitors and that, after irradiation, puma levels increased to almost 5-fold higher levels in the slug −/− cells ( Figure 4D ). By contrast, noxa and bim gene expression levels were similar in unirradiated slug −/− and slug +/+ myeloid progenitors and increased less than 2-fold within these cells after γ irradiation regardless of genotype ( Figure 4E and Figure S8B ). By contrast, p21 was highly induced in hematopoietic progenitors after γ irradiation but was unaffected by the presence or absence of Slug (data not shown).
puma Is a Direct Transcriptional Target of Slug
To determine whether puma is a direct target of Slug, we analyzed the sequences of the mouse and human puma genes and found three potential conserved Slug binding sites, one (denoted SBS1) located in the promoter and two (SBS2 and SBS3) in the first intron (Figure 4F) . To assess whether any of these three sites is essential for Slug-mediated repression of puma, each was mutated individually in a luciferase reporter plasmid containing the puma promoter and first intron. These constructs were transfected into U2-OS cells (which express very low levels of endogenous Slug) together with a Slug expression plasmid and a normalization control, and the cells were irradiated to induce p53 and activate the puma promoter ( Figure 4F ). Transfection with slug caused a 3-fold decrease in the luciferase activity of the wild-type puma promoter and of constructs with mutations affecting either SBS1 or SBS2. By contrast, point mutations in SBS3, or in both SBS2 and SBS3, abolished Slug-mediated inhibition of reporter activity, implying that only SBS3 is functional and that it confers Slug responsiveness.
Since puma is a direct target of p53 ( Figure 5A ). However, Slug completely repressed p53-mediated trans-activation of puma promoter constructs containing all three potential Slug binding sites or constructs with point mutations inactivating SBS1 or SBS2. By contrast, the Slug-mediated repression was abolished by the point mutation in SBS3 or in both SBS2 and SBS3 ( Figure 5A ). Furthermore, the endogenous levels of Slug in irradiated MEFs sufficed to downmodulate puma reporter activity (Figure 5B) .
To demonstrate physical binding of Slug to SBS3 in the puma first intron, we first performed an electrophoretic mobility shift assay (EMSA). In accord with the reporter assays, the SBS3 but not the SBS2 probe displayed a mobility shift ( Figure 5C, lanes 2 and 8) , which was abolished by unlabeled SBS3 probe ( Figure 5C,  lane 3) but not by the mutant probe ( Figure 5C, lane 4) .
The mobility shift reflected the binding of Slug because addition of Slug-specific mAb caused a supershift (Figure 5C, lane 5) . Secondly, using biotinylated doublestranded oligonucleotide probes to precipitate bound proteins from cell nuclear extracts, we determined that Slug binds to a probe containing SBS2 and SBS3 (Figure 5D, lane 2) but not to a control probe with point mutations in SBS2 and SBS3 ( Figure 5D, lane 3) . Finally, using chromatin immunoprecipitation (ChIP), we showed that endogenous Slug binds specifically to SBS3 in the puma intron 1 but not to the Hprt gene (negative control) in vivo ( Figure 5E, lane 2) . Thus, Slug directly downregulates puma expression by binding to the SBS3 Slug consensus binding site in intron 1.
Loss of Puma Suppresses the Radiosensitivity of Slug-Deficient Mice
The physiological significance of our findings depends on whether loss of Puma is sufficient to suppress the radiosensitivity exhibited by Slug-deficient mice. To test this, we generated double-knockout mice lacking both Slug and Puma expression and subjected them, along with their age-matched littermates, to 7.0 Gy TBI. PCR confirmed that slug, like p21, is upregulated  in a p53-dependent manner (Figure 6B) .
Interestingly, both the mouse and human slug genes have been identified as potential p53 target genes by the p53MH algorithm (Hoh et al., 2002) . Two candidate p53-responsive elements (RE1 and RE2) identified by this program reside in the first and second introns of both the mouse and human gene ( Figure 6C ). To test their roles, we introduced DNA fragments spanning either the mouse slug promoter alone (0.7kbslug-LUC) or this promoter plus the first and second introns (2.9kbslug-LUC) into a luciferase reporter plasmid. When cotransfected into p53 −/− MEFs together with a p53 expression plasmid, only the reporter containing the intronic sequences was trans-activated by p53, suggesting that RE1 and/or RE2 might be responsible for p53-mediated slug induction ( Figure 6D ).
To test this hypothesis, we first used EMSA to demonstrate physical interaction between p53 and each of these putative p53-responsive elements ( Figure 6E,  lanes 2 and 6) . The addition of double-stranded p53 DNA binding consensus oligonucleotides completely abolished the shift of both probes RE1 and RE2 ( Figure  6E, lanes 3 and 7) , whereas mutated control oligonucleotides did not ( Figure 6E, lanes 4 and 8) , indicating that p53 can recognize each probe. To determine whether endogenous p53 is bound to the slug intronic sites in vivo, we used ChIP in MEFs that had been irradiated to induce p53. Using PCR primers specific for RE1 and RE2 or p21 promoter (positive control) and Hprt gene (negative control), we showed that only RE1, RE2, and p21 promoter sequences were specifically immunoprecipitated by the p53 antibody ( Figure 6F, lane 2) . Thus, the marked upregulation of Slug levels in irradiated hematopoietic progenitors appears to be directly mediated by p53.
Discussion
A complex DNA-damage-response network has evolved in mammalian cells to enable injured cells to choose between apoptotic death or cell-cycle arrest and repair. In tissues with extensive turnover, such as the hematotides (WT probe) homologous to the puma intron 1 region containing the two E boxes or a mutated double-stranded oligonucleotide control (mutant probe) were incubated with Slug-containing lysates. Immobilized streptavidin was used to precipitate the oligonucleotide/transcription-factor complexes, which were subsequently separated on SDS-PAGE and blotted with anti-Slug mAb. poietic system, the fully differentiated cells are dispensable provided that sufficient stem and progenitor cells are spared to regenerate the tissue quickly. Hence, the intrinsic apoptotic response mediated by p53 can be activated in mature blood cells but must be stringently curtailed in their progenitors. This dual requirement presents a mechanistic puzzle, as the activation of p53 in cells exposed uniformly to the same genotoxic agent could be expected to yield similar, not opposing, cell fates. How, then, do hematopoietic progenitors survive in the face of potentially lethal DNA insults? Our results indicate that Slug is directly induced by p53 and functions as a survival factor within the p53-dependent apoptotic pathway of myeloid progenitors (Figure 7) . Since Slug did not interfere with the upregulation of p53 or its transcriptional activity in γ-irradiated cells, we postulated that it might repress an essential p53-responsive apoptotic gene. Indeed, Slug specifically antagonized the p53-induced upregulation of puma ( Figures 4C and 4D 
